The development of a new class of chiral 4-N,N-dialkylaminopyridine acyl-transfer catalysts capable of exploiting both van der Waals (p) and H-bonding interactions to allow remote chiral information to stereochemically control the kinetic resolution of sec-alcohols with moderate to excellent selectivity (s = 6-30). Catalysts derived from (S)-a,a-diarylprolinol are considerably superior to analogues devoid of a tertiary hydroxyl moiety and possess high activity and selectivity across a broad range of substrates.
Asymmetric organocatalysis has recently been propelled from relative obscurity to the forefront of contemporary organic chemistry research and is fast-becoming a key strategy in enantioselective synthesis.
1,2
An important facet of this broad domain is the asymmetric nonenzymatic 3 catalysis of acyl-transfer by chiral organic nucleophiles such as tertiary amines, 4-7 phosphines, 8 N-heterocyclic carbenes
9,10
and secondary alcohols. 11 Although it has been over a century since the discovery of pyridine-promoted alcohol acylation, 12 the design of efficient and selective chiral pyridine-based catalysts for these reactions is a young field less than 10 years old. The desymmetrisation of the 'hypernucleophilic' achiral catalyst 4-N,N-dimethylaminopyridine (DMAP) 13, 14 via one of three general strategies, (the introduction of 'planar chirality' either 2,3-pyridofused 15 or installed at the C-3-position of the pyridine ring, 16 the use of axially chiral substituents at C-3 17 or the installation of tetrahedral chirality at either C-4, 18-23 or C-3, 24-27 ) has proven a particularly productive approach which has given rise to a number of highly selective chiral catalysts for the kinetic resolution (KR) of sec-alcohols and other asymmetric acyl-transfer processes.
15,27,28
The design of such systems is complicated by an activityselectivity conundrum: i.e. to maximise the effectiveness of catalyst stereochemical information it is desirable to install chiral groups as close to the nucleophilic ring nitrogen as possible, however, bulky substituents in the vicinity of the same strongly attenuate catalyst activity.
14,17c, 29 A successful (i.e. active and selective) catalyst design must necessarily embody a compromise between these opposing constraints.
One appealing solution to this problem (inspired by enzymatic systems) is the design of promoters capable of operating by an 'induced-fit ' 1 H and 13 C NMR spectra for 6 and 7 (and their precursors), X-ray crystal structure data for 6-Bn, atomic coordinates from the DFT calculations and CSP-HPLC data for all resolved alcohols. See DOI: 10.1039/b604632k conformational change upon acylation driven by intramolecular interaction between the catalyst's chiral substituents and the pyridinium cation moiety, thereby allowing remote chirality to exercise stereochemical control over the subsequent acylation event.
18, 27 In this regard, we were intrigued by a report from Yamada and Morita 30 demonstrating that the 3-substituted pyridine 1 exhibited a p-p stacking interaction on acylation/alkylation which both rigidified the structure and effectively shielded one face of the resultant pyridinium cation, allowing the subsequent diastereoselective attack of a nucleophile at C-4 (1a, Fig. 1 ). We therefore reasoned that a 4-pyrrolidino-analogue of 1 (i.e. 2, Fig. 1 ) held promise as a tunable and easily constructed acyltransfer catalyst template capable of operating via an induced-fit mechanism. The synthesis of 2 was straightforward: conversion of 3 32 to its acid-chloride followed by coupling with (S)-phenylalaninolderived 4 33 gave chloropyridine 5, which could be converted to 2 via a nucleophilic aromatic substitution reaction with excess pyrrolidine (Scheme 1). An immediate cause for concern was the presence of two rotameric species in a ca. 1 : 1 ratio in the 1 H NMR spectrum of 2; as only one of these (i.e. 2 and not 2 ) could conceivably adopt a conformation conducive to intramolecular pp-stacking. Interestingly, upon methylation of 2 slow equilibration over 12 h to a single rotamer (2a, Scheme 1) which exhibited a 1 H NMR spectrum consistent with a p-stacked conformation, as proposed by Yamada, 30 was observed (Scheme 1). It seemed likely therefore, that this equilibration process would be slow enough to allow both rotamers of the intermediate acylated form of 2 to possess independent catalytic profiles. In order to a) better control the catalyst's conformational preference and b) augment the potential for p-pyridinium ion interactions we therefore prepared the novel (S)-a,a-diphenylprolinol-derived 34 6 and its 2-naphthyl analogue 7 (Scheme 1), which are characterised by a large steric discrepancy between the substituents a-to the amide nitrogen atom and the presence of an additional pendant aromatic moiety.
Catalysts 2, 6 and 7 were evaluated in the acylative KR of cis-1,2-cyclohexane diol derivatives 11-13 (Table 1) using isobutyric anhydride. Prototype promoter 2 displayed excellent activity, however enantioselectivity (quantified by s; the ratio of the second order acylation rate constants for the fast and slow reacting alcohol enantiomers respectively 35 ) was unsatisfactory (entry 1). Gratifyingly, bis-aryl catalysts 6 and 7 exhibited more promising selectivity approaching that regarded as synthetically useful (s = 10) at low temperature (entry 3).
Optimisation of the reaction conditions identified CH 2 Cl 2 and NEt 3 as the optimum solvent and general-base additive respectively. It is notable that selectivity diminished in polar solvents and that poor enantio-discrimination was also observed in the aromatic (yet relatively non-polar) solvent (entry 10). Bisnaphthyl catalyst 7 was found to be a marginally more selective catalyst than bis-phenyl variant 6 (entries 2 and 5), and relatively electron-rich benzoates 11 and 12 were superior substrates to the unsubstituted analogue 13.
We speculated that the latter observation could be due to either the involvement of a hydrogen bonding or a p-pyridinium ion interaction between the substrate and the acylated catalyst in the enantioselection process. 36 To determine the contribution of the catalyst hydroxy group to enantioselectivity, we prepared reduced analogues of 6 and 7 (14 and 15 respectively), 37 and evaluated their performance as catalysts in the KR of sec-alcohol 16 ( Table 2) .
The results of these experiments were instructive; while removal of the hydroxy moiety from 6 and 7 had little effect on catalyst activity, reduced catalysts 14 and 15 promoted the formation of the opposite antipode of 17 to that observed using either 6 or 7, with reduced enantioselectivity. It was therefore clear that the catalyst tertiary alcohol moiety plays a pivotal role in determining which enantiomer of the racemic substrate is preferentially acylated by both 6 and 7. It is also noteworthy that in line with the trend observed using hydroxy substituted catalysts, bis-naphthyl derivative 15 proved more selective (albeit not significantly) than the less hindered analogue 14.
In order to garner further insight into the mode of action of 6-7, attention turned to the question of substrate scope. A range of substrates (18-25) chosen to systematically probe the catalyst's sensitivity to substrate steric, electronic and hydrogen-bond donating/accepting characteristics were acylated by isobutyric anhydride in the presence of 6 at low temperature. The results of these studies are presented in Table 3 ; in the case of benzyl alcohols 18-22, as expected selectivity increased with aliphatic substituent bulk (entries 1 and 4), while an enlargement of the steric requirement of the aromatic substituent was poorly tolerated by the catalyst (entries 1-3 and 5-6). The latter observation was somewhat surprising, as examples of the beneficial effects of augmenting alkyl and aromatic substituent bulk on enantioselectivity being additive (in a qualitative sense) are known in the literature, 15d,17f which strongly implies that the nature of the aromatic substituent is critical for the efficient KR of benzyl alcohols promoted by 6. This thesis was supported by the clear superiority of 4-methoxy substituted substrate 23 over the unsubstituted parent alcohol 18 (entries 1 and 7).
In this context, it is interesting to note that 24, which may have been expected to prove a suitable KR substrate (considering the obvious compatibility of 11 with 6, Table 1 ) underwent acylation with poor selectivity. 38 In contrast, the KR of trans-2-phenylcyclohexanol (25) using 6 proceeded with excellent enantioselectivity (entry 9). It was clear at this juncture that both the steric and electronic makeup of the substrate aromatic substituents influence the efficacy of enantio-discrimination using catalyst 6. In an attempt to clarify this role, o-and p-substituted aromatic sec-alcohols 26-30 were evaluated (Table 4) under identical conditions to those used in the KR of 18-23. Substrates incorporating relatively electron deficient aromatic substituents performed poorly in comparison with more electron rich analogues (entries 1 and 4; compare also entry 7, Table 3 with entry 5, Table 4 ). The presence of a substrate o-methoxy group clearly facilitates enantiodiscrimination (entry 1), however the effects of increased electron density at the aromatic ring and augmented aliphatic substituent steric bulk on enantioselectivity are not additive (entries 1-3), even though 6 promotes the preferential acylation of the same (R)-antipode of 26, 27 and 28.
In view of the considerable sensitivity of the catalyst to the nature of the substrate aromatic group, aliphatic carbamate 31 was acylated in the presence of 6 under standard conditions (Scheme 2). The resolution of this substrate with relatively good selectivity (s = 8.6) demonstrates the broad scope of catalyst 6 and indicates that an aromatic substituent is not an absolute requirement for selectivity in this system.
On analysis of the data in Tables 1-4 , a picture emerges in which a confluence of contributions from the catalyst hydroxy group/aromatic substituents ( Tables 1 and 2 ) and substrate aliphatic/aromatic components (Tables 3 and 4) seem responsible for selectivity in KR processes using catalyst 6. In an attempt to detect possible aryl-pyridinium ion p-stacking interactions, the 1 H NMR spectra of catalysts 6, 7, 14, 15 and control material 33 (prepared from 3 and pyrrolidine) were compared to those of their corresponding products on methylation with iodomethane (Table 5) . 30 These experiments were informative; while little evidence was found to support a 'face-face' p-p stacking interaction (Fig. 1) , 18,30 a strong upfield shift associated with H-2 upon methylation of 6, 7, 14 and 15 (which is absent on methylation of 33) was observed, the magnitude and localisation of which indicates that an interaction between the substituted edge of the pyridinium cation (or H-2 itself) and one of the pendant aryl moieties takes place.
22,39
While 6a proved difficult to crystallise, an X-ray structure of the corresponding benzylated catalyst 6-Bn was obtained (Fig. 2) . 40 The amide moiety is in an s-cis conformation with the diaryl tertiary alcohol substituent oriented towards H-2 and the nucleophilic ring-nitrogen: consistent with the proposed pinteractions and observed catalytic importance of the hydroxy group. Similar, yet less dramatic effects were observed upon acylation of both 6 and 33 with isobutyric acid chloride. While no upfield shift of the H-2 resonance was observed upon acylation of 6, this is perhaps unsurprising in view of the powerful (anisotropic) electron withdrawing ability of the carbonyl moiety. However, it is noteworthy that H-2 of acylated catalyst 6b resonates at considerably higher field (ca. 0.5 ppm) than that of 33b and that there is a greater difference between d H-2 and d H-6 in pyridinium ion 6b (1.04 ppm) than in the case of 33b (0.50 ppm). These results indicate that in the case of both 6b and 33b (contrary to what might be expected from first principles but in agreement with reports from Spivey 17c and Yamada 27 ) the bulky isopropyl moiety is located on the same side of the N-N axis as the catalyst amide substituent 41 (i.e. as depicted above Table 5 ). The results in Tables 1-5 indicate that the ability of 6 and 7 to serve as active and enantioselective acyl-transfer catalysts is due to a unique combination of several factors including aryl-pyridinium ion p-p (or p-H), and substrate-catalyst H-bonding and possibly also p-p interactions. To better understand the origins of enantiodiscrimination using 6 and 7 we have examined the conformational preferences of 6a and 6c (the N-acetyl analogue of 6b) using B3LYP hybrid density functional theory (Gaussian 03, 6-31G* basis set 42 ). Postulating that two conformational features would have particularly strong influence on catalyst performance: 1) isomerism of the C-3 amide linkage (i.e. s-cis vs. s-trans) and crucially, the preferred conformation of the acyl-moiety in 6b, we calculated the gas-phase energetics of methylated and acetylated analogues of 6 (I-IV, Fig. 3 and Table 6 ) with respect to these parameters. The results of these calculations are presented in Table 6 . Examination of the relative energies for the s-cis vs. strans chiral amide conformation reveal a strong preference for the s-cis rotamer (entries 1-2, Table 6 ), consistent with the X-ray crystal structure obtained for 6-Bn (Table 6 entries 1-2). Interestingly, these studies also indicate (somewhat counterintuitively but nonetheless consistent with the findings of the NMR-studies, see Table 5 ) that the conformer of 6c (s-cis C-3 amide) in which the methyl group resides on the more hindered catalyst hemisphere (III) is more stable than the corresponding conformer where the smaller carbonyl group is directed towards the chiral amide substituent (IV entries 3-4, Table 6 ). Since this phenomenon does not seem to be sterically driven, it may, by analogy with a suggestion made by Spivey, 17c be related to partial conjugation with the C-3 substituent. In this regard it is interesting that a C 2 -symmetric analogue of 6 (34, Fig. 4 ) designed to circumvent potential problems associated with N-acyl isomerism proved a completely inactive acylation catalyst. 
Conclusions
In summary, we have developed a new class of active, chiral 4-(pyrrolidino)-pyridine derivatives (6 and 7) for the kinetic resolution of an exceptionally wide range (both aromatic and aliphatic) of sec-alcohols with synthetically useful selectivity. These proline-derived promoters are readily prepared from simple, readily available starting materials 34 without the need for resolution steps. A combination of optimisation (Table 1) , substrate screening (Tables 1, 3 and 4), catalyst modification (Table 2) , spectroscopic (Table 5 ) and computational (Table 6 ) studies have clearly identified both hydrogen bonding and (intra as well as possibly also intermolecular) p-pyridinium-ion interactions as playing a role in enantiodiscrimination, and have provided insight into the conformational preferences of the key acylated catalytic intermediates in these reactions. To our knowledge 6 and 7 represent the first chiral 4-N,N-dialkylaminopyridine catalysts to (synergistically) employ both van der Waals (p) interactions and hydrogen bonding to allow remote chirality to exert stereochemical influence on an acylation reaction, and while the levels of enantiodiscrimination possible are lower than that associated with the benchmark literature catalyst, nonetheless synthetically useful (s > 10) KR processes promoted by 6 have been demonstrated (up to a maximum of s = 30). Furthermore, the ready accessibility of these materials combined with the demonstrable influence of three independent, tunable catalyst properties (hydrogen bond accepting/donating ability, aromatic substituent steric and electronic characteristics) on enantioselectivity provides considerable scope for future catalyst development.
Experimental General
Proton nuclear magnetic resonance spectra were recorded on a 400 MHz spectrometer in CDCl 3 referenced relative to residual CHCl 3 (d = 7.26 ppm). Chemical shifts are reported in ppm and coupling constants in Hertz. Carbon NMR spectra were recorded on the same instrument (100 MHz) with total proton decoupling. All melting points are uncorrected. Infrared spectra were obtained on a Perkin Elmer spectrophotometer. Flash chromatography was carried out using silica gel, particle size 0.04-0.063 mm. TLC analysis was performed on precoated 60F 254 slides, and visualised by either UV irradiation or KMnO 4 staining. Optical rotation measurements were made on a Rudolph Research Analytical Autopol IV instrument, and are quoted in units of 10
Toluene, ether and THF were distilled from sodium. Methylene chloride and triethylamine were distilled from calcium hydride. Analytical CSP-HPLC was preformed using Daicel CHIRALCEL OD-H (4.6 mm × 25 cm) and CHIRALCEL AS-H (4.6 mm × 25 cm) columns. Unless otherwise stated, all chemicals were obtained from commercial sources and used as received. Alcohols 20, 21, 24, 28, 26, 29, and 30 were synthesised according to literature procedures. Alcohol 27 was prepared by the reduction of 2,4-dimethoxyacetophenone with NaBH 4 and was purified by flash chromatography prior to use. Unless otherwise specified, all reactions were carried out in oven-dried glassware with magnetic stirrers under an atmosphere of argon.
Chloropyridine 9. A 10 cm 3 round bottom flask charged with 4-chloronicotinic acid (3) (315 mg, 2.00 mmol) and SOCl 2 (2.00 cm 3 ) was fitted with a reflux condenser and heated at 90
• C for 1 hour. Removal of SOCl 2 by distillation gave 4-chloronicotinic acid chloride hydrochloride as a yellow solid, which was placed under an atmosphere of Ar, cooled to 0
• C and suspended in THF (5 cm 3 ) added via syringe. Subsequently a solution of (S)-a,a-diphenylprolinol (8a) (506 mg, 2.00 mmol) and NEt 3 Isobutyryl pyridinium salts. (Note: These intermediates are relatively unstable and decompose rapidly in the presence of adventitious water. Under anhydrous conditions these materials are stable enough to be analysed by 1 H NMR spectroscopy over a period of several hours.) A solution of the pyridine (0.07 mmol) in CDCl 3 (0.4 cm 3 , freshly distilled and stored for short periods under Ar over 4 Å mol. sieves) was added to a screw-cap-NMR tube under an atmosphere of Ar. To this was added isobutryic acid chloride (0.07 mmol) via syringe. The NMR tube was shaken for 10 s and the resulting mixture analysed by 1 H NMR spectroscopy.
